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1 Objectives

Theaim of this experimentis to measurethepropertiesof ElectronSpinResonance(ESR)in two
organiccompounds,andto devisea methodusingESRto determinethemagnitudeanddirection
of theEarth's magnetic�eld at Sydney.

2 Intr oduction

Theideaof electronspinandits associatedmagneticmomentwas�rst introducedby GeorgeUh-
lenbeckandSamuelGoudsmit1 to explain �ne structurein optical spectra.Thesenew properties
which the electronseemedto possesswereput on a soundtheoreticalbasisa few yearslater in
a landmarkpaperby Paul Dirac in 1928.2 A properrelativistic quantummechanicaltreatmentof
thehydrogenatomleadsnaturallyto theelectronpossessing,in additionto its massm andcharge
e, an intrinsic or spin angularmomentumwith quantumnumbers = 1=2. The spinvectorS has
magnitude

S =
q

s(s + 1)�h =

p
3

2
�h: (1)

1G.E.Uhlenbeck& S.Goudsmit,Naturwissenschaften, 47, 954(1925)
2P.A.M. Dirac, `Thequantumtheoryof theelectron',Proc.Roy. Soc.LondonA, 117, 610(1928)



15–2 SENIOR PHYSICS LABORATORY

In the presenceof a magnetic�eld, the componentof spin parallel to the �eld (z direction) is
quantised.It hastwo possiblevalues,

Sz = ms�h = �
1
2

�h: (2)

Thepossibleorientationsof S relative to thez directionareshown in Fig. 15-1.

Fig. 15-1: Vectormodelfor electronspin

Sincean electronhasboth charge and angularmomentum,it also hasa magneticmoment,� s ,
proportionalto theangularmomentum,where

� s = g
e

2m
S: (3)

Accordingto Dirac's theory, g is precisely2. The measuredvalue,g = 2:00232, arisesin quan-
tumelectrodynamics(QED) from theelectron's anomalousmagneticdipolemoment.Quantisation
of spin leadsto quantisationof the correspondingmagneticmoment. The componentvaluesfor
magneticmomentare

� sz = � g
e

2m
Sz = � gms� B = � g� B =2; (4)

where� B is theBohr magneton,e�h=2m. In thepresenceof a magnetic�eld B , thereis potential
energy U associatedwith the orientationof the magneticmomentrelative to the magnetic�eld,
givenby

U = � � s � B = � � szB = � g� B B =2: (5)

Theenergy differencebetweenthetwo electronstatesis givenby

� U = g� B B : (6)
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Transitionsbetweenthesestatescanbeproducedby photonsof frequency � r , givenby

h� r = g� B B : (7)

3 Freeradicals

In principle, we could take a groupof electronsin a magnetic�eld B andinducethemto make
transitionsfrom onems stateto theotherusingaradiofrequency �eld of frequency � r . Thiswould
bedif�cult aselectronsrepeleachotherand,in any case,they woulddescribecircularorbitsat the
cyclotronresonancefrequency eB=(2� m). However, a“solid” sourceof electronsis obtainedfrom
an organicchemicalcalleda free radical: the two which will be examinedin this experimentare
diphenyl picryl hydrazyl(DPPH)andtetracyanoquinodimethane (TCNQ).Their chemicalmakeup
is shown in Fig. 15-2.Thesesubstancescontainelectronswhichactasthoughthey werefree.Free
radicalsthusexhibit g-factorsvery closeto thevaluefor a freeelectron,2.0023.In fact, thefrac-
tional differenceis lessthanonepart in a thousand.Any shift in g would arisefrom aninteraction
betweenthe electronmagneticmomentand the overall magneticmomentof the molecule. We
would expecta shift equalto or lessthanthe�ne structureshift in theH atom,andthis quantityis
of theorderof onepartin a thousand.

Fig. 15-2: Chemicalstructureof thefreeradicalsTCNQ (left) andDPPH(right)

Electronspinresonancein TCNQandDPPHcanbeshown with thesampleheldin asmallcoil and
placedin auniformmagnetic�eld. Thecoil (inductanceL) is connectedin parallelwith acapacitor
C to make anLC resonantcircuit. At theresonantfrequency, � r = geB=(4� m), energy mustbe
suppliedby thecircuit in orderto changethespinstateof theelectronsfrom onevalueof m s to the
other. As a resulttherewill beaminutedecreasein theQ or quality factorof theresonantcircuit.

When the circuit is set up to oscillateweakly at a frequency � (= 1
2�

p
LC ) the electronspin

resonanceis readily seenbecausethe tiny decreasein the Q of the resonantcircuit canbe easily
detectedby theamplifying electronics.3 Sweepingthroughtheresonanceis bestdoneby varying
B , sinceit is electronicallymoredif�cult to sweepthroughin frequency andmaintaina constant
amplitude.In our case,the �eld is producedby a Helmholtzcoil (seeSection4.3 andpage79 of
thebenchmanualfor furtherexplanationof theHelmholtzcoil).

3Note: theQ of a parallel-tunedLC circuit is givenby Q = 1
R

p
L
C . Theexcitationof ESRcausesa slight increase

in loadingof thetunedcircuit anda correspondingincreasein theeffective valueof R.
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4 The apparatus

The manualfor thespectrometeryou will be usingis on thebenchandhasalsobeenplacedasa
PDF�le (namedCWS12 50 manual)on thecomputer. Thepagesrelevant to theESRexperiment
are19,25–41,55,71–72,79,and82.

Figure15-3shows a schematicdiagramof theESRspectrometer.

Fig. 15-3 : Schematicdiagramof theelectronspin resonanceexperiment.Thereferenceto NMR (nuclear
magneticresonance)is not relevantfor this experiment.

The sampleis placedin a coil, inductanceL , in parallelwith a capacitorC. This is the resonant
circuit (alsocalleda tankcircuit), which oscillatesat 50 MHz. Thephase-locked loop (PLL) is a
feedbackcircuit thatadjuststhevalueof thecapacitanceuntil thecircuit is locked onto thepreset
frequency. Thevariablecapacitoris a reverse-biaseddiode,known asavaractordiode, in whichC
dependson the thicknessof thecharge depletionlayer; this is controlledby adjustingtheapplied
voltage.
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4.1 Differential detection

Theprincipleof resonancedetectionis simply to detectachangein theamplitudeof oscillationsin
thiscoil. Thisisachievedbyvaryingtheappliedmagnetic�eld in asinusoidalmannerat38Hz. The
50 MHz frequency is �ltered on thedetectionsideof theelectronicsandonly thesignalamplitude
difference(dueto the38Hz modulationof B ) is passedon to thedetectionampli�er.

A consequenceof this sensitive detectionmethodis thata differentiationof theresonance(or ab-
sorption)signalis obtained.Thecharacteristicpro�le of aforcedresonance,eitherthatof adamped
LC circuit or a naturaltransitionin anatomor electron,is known asa Lorentzian.TheLorentzian
functionis givenby

L(� ) =
1
�

1
2 �

(� � � 0)2 + ( 1
2 �) 2

; (8)

with full width at half maximum(FWHM) equalto � . In this experimentwe keepthe frequency
�x ed andvary B , but the form of the equationis the same,with � replacedby B , asshown in
Fig. 15-4.By convention,Fig. 15-4is shown in emissionratherthanabsorption.

Fig. 15-4: TheLorentzianline shapeof anabsorption(resonance)line.

Thedetectedsignalis thederivativeof theLorentzianlinepro�le, asshown in Fig.15-5.Differential
detectionenablesthe preciseposition of the absorptionpeak to be determined,since it corre-
spondsto the point wherethe differentialsignalequalszero(i.e., the zero-crossing).Moreover,
onecommonly-usedmeasureof the line width of the Lorentziancaneasilybe obtainedfrom the
separationbetweenthepositive andnegative goingpeaksin thedifferentiatedsignal.

Although the software that operatesthe spectrometercando the analysisfor obtainingthe zero
crossing,line width, andintegratingto obtaintheabsorptionsignal,you arerequiredto carry this
out for yourselfandpresentthegraphsandanalysisin your logbook. You cando this easilywith
theORIGIN softwarepackage.
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Fig. 15-5: Thederivativeof theabsorptionsignalshown in Fig. 15-4.This is theform of thesignalreceived
from thespectrometer.

4.2 Signi�cance of line-width

The naturalwidth of an ESR spectralline is a measureof its interactionwith its environment.
That is, theelectronsnot only interactwith theappliedmagnetic�eld but any othermagnetic�eld
arisingfrom their environmentsuchasthosefrom otherelectronor nuclearspins.SoESRcanbe
an excellentprobeof the electronicor nuclearmagneticenvironment. The line becomesbroader
with increasingcouplingof theelectronsto their environment.

4.3 Helmholtz coil

Helmholtzcoilsconsistof two coaxialcoilsof thesameradius,in seriesandspacedadistanceapart
equalto their radius.For this con�guration the�eld is particularlyuniform over a small region at
thecentreof thecon�guration.

Themagnetic�eld suppliedby theHelmholtzcoils is shown schematicallyin Fig. 15-6.A uniform
magnetic�eld of variablestrengthis oftenneededin physics.For a large�eld this is bestdonewith
anelectromagnetwhosecoreis composedof a magneticmaterialof high relative permeabilityand
with �at parallelpolepieces.If thistechniqueisusedfor small�elds (asrequiredin thisexperiment)
adif�culty arisesbecauseall magneticmaterialshavearemanent�eld: a �nite �eld is presenteven
whenthemagnetisingcurrentis zero,makingthesettingof reproducible�elds dif�cult.

4.4 Dip circle

The dip circle, shown in Fig. 15-7, is a compassthat enablesthe Earth's magnetic�eld direction
to bedetermined.Ordinarycompassesallow you to determinethedirectionof theEarth's �eld in
thehorizontalplane.In reality, theEarths�eld makesananglein theverticalplane.Thedip circle
allows you to determinethisanglesinceit canswivel in boththehorizontalandverticalplanes.
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Fig. 15-6 : Helmholtz coils, showing the
uniformity of themagnetic�eld in thecen-
tral region. [from ThePhysicsof Electricity
andMagnetism,W.T. Scott(Wiley, 1962)]

Fig. 15-7 : The dip circle givesthe angleof the Earth's
magnetic�eld.

5 Experimental Procedure

1. Make surethatthespectrometeris connectedasshown on page19 of thebenchmanual,and
thattheTCNQsampleis fully insertedin theProbehead.TheHelmholtzcoil andProbehead
combinationare�x edto a Perspex sheetmakingit easierto rotatetheassemblylater in the
experiment.For this �rst partof theexperimenttheorientationis not important.

2. StarttheCWNE software. This bringsup theStartupandAcquisitionpagewith a compre-
hensive menufor dataacquisition.

Click on Spectrometerthenon Connectin the top menu. This establishesa connectionbe-
tweenthecomputerandthespectrometer. It will alsoautomaticallyswitchto theESRmode
andwill indicatethisby a redlight next to ESRon theprobehead.SelectSingle(for a single
scan)andlet Accbe initially 1 (for onescan)in thebottomright handcornerof thescreen.
SettheField Sweepto 5 gauss(Gs)4 andleave the2ndMod Amplit andSweepTimeat their
default valuesof 0.05Gsand0.5min respectively.

3. Clicking on the Start button in the Acquisitionsectionwill start the 30-secondscan. You
shouldobtainadifferentialplot asdescribedin section4.1.Thiswill probablybeabit noisy.
Verticalscalingcanbeadjustedwith theGaincontrolandtheDC offsetwith theslidercontrol
on theleft of thescreen.Experimentwith bothcontrolsuntil youaresatis�edwith theresult.

4. You arenow readyto collect data. First you needto createyour own subdirectoryin the
Student�les directory. Thenswitchbackto theAcquisitionscreenand,underTools ! File
location, tell thesoftwarewhereto putyourdataby typing thedirectorypathfor bothacqui-
sitionanddataoutput.

4Thegaussis theunit of magnetic�eld in theold cgssystem:1 Gs= 10� 4 T.
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5. To reducethenoisein thesignalit is simplestto averageseveralscans.To do this, increase
thenumbernext to Accto around5 or moreanddepresstheAccbuttonin theupperleft hand
partof thescreen.PressingStartwill thendo theaveraging.

6. Whenyou have obtaineda spectrumyouarehappy with, you cansave it from theFile menu
on the top left handcornerof thescreen.The �le will besaved in your subdirectorywith a
.dcwextension.

7. This saved spectrumcannow be processedby clicking on theProc buttonat the top of the
screen.This will take you to anotherscreenwith upperandlower graphpanels.Click on the
OpenFile buttonandloadyoursaved�le into thetoppanel.Now click on the1stDerivative
buttonon thetop left handsideof thescreento loadthis into thebottompanel.You arenow
readyto makesomebasicmeasurementson thisspectrumusingtheinbuilt software.

8. TheVEbuttonabovethebottomgraphpanelautoscalesthespectrumin theverticaldirection,
andtheG buttonalongsidecalculatestheg-value,whichis displayedonthebottomright hand
sideof thescreen.

9. Thereare two ways of measuringthe linewidth: (i) the separationbetweenthe points of
in�ection, whichisgivenby theSDBbutton,and(ii) thefull widthathalfmaximum(FWHM)
of the absorptionpro�le. The latter measurementis obtainedby clicking the Absorption
buttonat thetop of thescreen— this integratesthe1stderivativespectrum— andthenthe
HDB buttonabove thelower panel.

Recordthevaluesof g, SDB, HDB andpositionof theabsorptionpeak(or zero-crossingin
the differentialplot) in your logbook,alongwith any other relevant informationaboutthe
dataset.

10. You now needto save the 1st derivativedatafor later input to ORIGIN by clicking on the
ExportASCII buttonat thetop of thescreen;the �le nameis thesameasbefore,but with a
.txt extension.The�le will belocatedin thedirectoryyouspeci�edearlier.

11. Finally, go throughtheprocedureabove for theDPPHsamplewith theField Sweepsetto 15
Gs.

C1 .
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5.1 Lorentzianpro�le

In thissectionwewill analysethe1stderivativedatausingORIGIN andtestwhethertheabsorption
pro�le is indeedLorentzian,aswehave assumed.

1. Import theTCNQ .txt �le into ORIGIN with theFile ! Import ! SingleASCII menuand
plot the�le.

2. UsetheIntegratefunctionin ORIGIN to obtaintheabsorptionpro�le. ThenusetheBaseline
function to �t to any slopingbaselineusing the end-weightingoption. Subtractthe �tted
baselineto giveacleanpro�le with a nominalbaselineof zero.

3. Fit a Lorentzianto the absorptionpro�le andsave a properly labelledhardcopy. Compare
theparametersof the �t, notablythepeakpositionandFWHM, with thoseobtainedearlier.
Commenton thegoodnessof �t, asmeasuredby the reduced� 2. Experiencesuggeststhat
theformal �t errorsmaybeunderestimated.

4. Repeattheabove treatmentfor theDPPHdata.Whichof thetwo sampleshaselectronsmore
stronglycoupledto theenvironment?

Question: UsingEqn.8 show thattherelationshipbetweentheseparationof thepointsof in�ection
(SDB)andtheFWHM (HDB) is givenby SDB = HDB=

p
3.

C2 .

5.2 Measurementof the Earth' s Magnetic Field

TheGeographicNorthPoleis actuallyamagneticSouthPoleasshown in Fig. 15-8

Fig. 15-8: Geographicnorthandsouthpolesareactuallymagneticsouthandnorthpoles,respectively. Note
thatthemagnetic�eld linesat Sydney emergeatanangleto theEarth'ssurface.
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� Usethedip circle to determinethedirectionof thehorizontalcomponentof the theEarth's
magnetic�eld andtheangleof dip in this plane.You will needthis laterwhendetermining
themagnitudeof this �eld. Turnoff theHelmholtzcoilsandkeepthecompassawayany iron
objectssoasnot to distortthedirectionof the�eld.

5.3 Determination of the Earth' s magnetic�eld and the electron g-value

If it wasn't for theEarth'smagnetic�eld, it wouldbeasimplematterto �nd theg-valuebyobtaining
theresonantfrequency andusingEqn.7. However, theEarth's �eld will addto or subtractfrom the
applied�eld from theHelmholtzcoil, dependingon theorientationof theaxisof symmetryof the
coil with respectto thehorizontalcomponentof theEarth's �eld.

Note that the axis of symmetryof the Helmholtzcoil is in the horizontalplane. If thehorizontal
componentof theEarth's �eld is parallelto theaxisof theHelmoltzcoil, thenthetwo �elds will add
andthiscombined�eld will beappliedto theelectrons.However, if thesetwo �elds areantiparallel
thehorizontalcomponentof theEarth's �eld will subtractfrom theapplied�eld. Ideally, thesetwo
con�gurationswill produceresonantpeakssymmetricaboutanapplied�eld of zero;if they don't
theremaybeasmallsystematicerrorin theassumedB �eld from theHelmholtzcoils.

� Now deviseamethodthatwill accuratelydeterminetheg-valueof theelectronaswell asthe
horizontalcomponentof theEarth's magnetic�eld.

Explain how you will usethe angleof dip measuredwith the dip circle to determinethe
magnitudeof theEarth's magnetic�eld.

� Outlineyourmethodin your logbookandgetademonstratorto checkbeforeproceeding.

C3 .

5.3.1 Resultsand Analysis

� Carry out your experimentusing the TCNQ sample,save your resultsand analyseusing
ORIGIN, includingerrorsin your analysis.

� Rememberto usetheaccumulatefeaturein theacquisitionprogramif youneedto reduceany
noise.

� Useyour resultsto determinevaluesfor g andthetotalmagnetic�eld of theEarth.Compare
your resultsfor theEarth's magnetic�eld with theaccuratevaluesfrom theonlinecalculator
attheNationalGeophysicalDataCenter(www.ngdc.noaa.gov/seg/geomag/jsp/IGRFWMM.jsp;
selectcountryandcity) andcomment.

� Write aconclusion.

C4 .


